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SeatAbstract When manned spacecraft comes back to the earth, it relies on the impact attenuation seat
to protect astronauts from injuries during landing phase. Hence, the seat needs to transfer impact
load, as small as possible, to the crew. However, there is little room left for traditional seat to
improve further. Herein, a new seat system biologically-inspired by felids’ landing is proposed.
Firstly, a series of experiments was carried out on cats and tigers, in which they were trained to
jump down voluntarily from different heights. Based on the ground reaction forces combined with
kinematics, the experiment indicated that felids’ landing after self-initial jump was a multi-step
impact attenuation process and the new seat was inspired by this. Then the construction and work
process of new seat were redesigned to realize the multi-step impact attenuation. The dynamic
response of traditional and new seat is analyzed under the identical conditions and the results show
that the new concept seat can signiﬁcantly weaken the occupant overload in two directions
compared with that of traditional seat. As a consequence, the risk of injury evaluated for spinal
and head is also lowered, meaning a higher level of protection which is especially beneﬁcial to
the debilitated astronaut.
ª 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The safety of manned spacecraft and astronauts during recov-
ery and landing is one of key technologies in manned space
engineering and the sign of complete success in space mission
as well. For the recovery of command module, a combination
of several different technologies will be used, which may
include parachutes, airbags, crushable structures, retrorockets
and impact attenuation seat, to reduce the terminal velocity
and landing impact so that the crew and instruments inside
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the most effective way to protect astronauts from injuries.2
There mainly appear two types of impact attenuation seat
up to nowadays: one type includes multi-directions attenuator,
and the other one only has the vertical attenuator. The Apollo
spacecraft and the in-development Orin vehicle adopt the ﬁrst
type,2,3 in which the integrated couch is supported or sus-
pended by a number of energy dissipating struts in three direc-
tions, as shown in Fig. 1(a). Meanwhile, the Soyuz and
Chinese Shenzhou spacecraft adopt the second type, in which
the individual seat is pivoted at the foot position and the ver-
tical attenuator lies under the head position, as shown in
Fig. 1(b). The strut or attenuator dissipates energy commonly
by the collapse of honeycomb core material or aluminum
foams,4,5 metal cutting and circular tubes’ expansion.6
Taking for example the recovery of Shenzhou spacecraft,
the parachutes are deployed when the reentry module is about
10 km above ground level, reducing the capsule’s descent
velocity from 200 to 8 m/s. When it is about 1 m above the sur-
face, the base-mounted retrorockets are ﬁred, leading to a
‘‘soft landing’’ with the terminal velocity of 3.5 m/s. If every-
thing works as expected, the impact loading acting on the
astronaut will not exceed the human tolerance limit.
However, once there is any emergency of the ignition, the cap-
sule may have a ‘‘hard landing’’ with 8 m/s or even higher
landing velocity, causing heavier impact loading. The impact
attenuation seat is the ﬁnal guarantee for crew’s safety.
Furthermore, for astronauts who have experienced long-
duration space ﬂight and sick or injured astronauts, human
tolerance decreases signiﬁcantly.7 Therefore, the seat needs
transferring impact load, as small as possible, to the
crew. Currently, the seat is usually improved by adding
damper or attenuator to the foot hinge, which is of limited
effectiveness.8,9
Nature affords human not only living basis, but also inﬁnite
inspiration to solve practical problems. Mechanical problems
like impact attenuation, damping and energy absorption can
also learn from biology, for example, the shock-absorbing sys-
tems inspired by woodpecker resisting head impact injuries,10
bio-inspired energy absorbing materials like natural ﬁbers rein-
forced composite11 and biomaterial foams12 and the damping
mechanism inspired by the architecture of trees withstanding
a strong wind.13 The prey kinetic energy absorption in the
spider orb webs14 and impact attenuation of human foot
during locomotion are also studied,15 which are potentially
applied in engineering.Fig. 1 Two types of landing impacSome animals, which are outstanding to attenuate impact
and efﬁcient in energy conversion, also inspire researchers.
One typical species is felids. Covering the rough terrain like
mountains and forests makes felids excellent in running,
jumping and landing. For example, the cheetah is the fastest
land animal with a remarkable top speed of 25.9 m/s;16 a leop-
ard may leap over 6 meters horizontally and 3 m vertically.17
The famous adage that cats have nine lives is also evidenced
by the previous survey that mortality was always less than
10% for cats when the fallen height increases, while adult
human’s mortality would rise to 100%.18 During animals’
locomotion, energy is continually produced and converted,
which includes both muscles’ work and tendon’s elastic
mechanism serving as springs.19 Although the locomotion
mechanism and energetics for animals are well-known,20 felids’
excellent ability in attenuating impact and its application in
engineering have not been paid enough attention. Zhang XP
et al.21 studied the buffering function of feline paw pads during
landing. Zhang ZQ et al.22 found that felids’ landing posture
exhibited a height-dependent manner, which would minimize
the risk of injury. Some cat robots that could reorient itself
during a fall to land on its feet were also designed and hence
be crashworthy.23
Particularly for landing impact attenuation seat in
spacecraft, little room has left for traditional seat to improve,
conﬁned to its simple construction. Further improvement is
expected to be bio-inspired from felids’ outstanding ability in
landing, which is the aim of the present work. In this paper,
a series of experiments of self-initially jumping from different
heights is carried out on cats and tigers, providing insight into
felids’ landing. Inspired by its mechanical mechanism, a new
crew seat is designed. By comparing the impact attenuation
effect with the traditional seat under the identical landing con-
ditions, the new seat shows its signiﬁcant advantages in pro-
tecting astronauts.
2. Jumping experiments of felids
2.1. Subjects and procedures
Four adult domestic cats (Felis catus, aged 1–2, 4.31 ± 0.52 kg)
and anAmur tiger (Panthera tigris altaica, 111 kg) from the wild-
life zoo were selected to serve as the subjects, as shown in
Fig. 2(a) and (b). The main body dimension of four cats and
one tiger are listed in Table 1. All experiments were approvedt attenuation seat in spacecraft.
Fig. 2 Outline of experiment.
Table 1 Mass and body size of subjects used in experiments.
Animal Mass (kg) Length of trunk (m) Length of forelimb (m)
Cat 1 4.7 0.31 0.25
Cat 2 4.2 0.30 0.24
Cat 3 4.73 0.32 0.25
Cat 4 3.62 0.30 0.23
Tiger 111 0.91 0.78
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Four cats were trained by food to jump down voluntarily
from the takeoff platform, whose height could be adjusted
easily, as shown in Fig. 2(c). Cats were led through a warm-
up protocol at each height, followed by performing at least
six successful jumps at this height. A jump was considered suc-
cessful if (1) the cat directly jumped down voluntarily and (2)
the cat landed with the whole body inside the area of force
plate. The jumping height increased from 0.8 to 2 m at a step
of 0.2 m. The cats would not like to jump down voluntarily
any more when the height was beyond 2 m. All jumps at one
height were completed in one day.
The tiger’s jump was accomplished in the wildlife zoo, in
which only three heights, 1.0, 1.8 and 2.3 m, were tried with
the consideration of the tigers’ safety. The experiment proce-
dure was conducted as the same as cats. Only when all four
limbs were on the force plate during landing, the jump was
considered as successful. So the successful jump at each height
was not too much due to the difﬁculty of tigers’ training.
2.2. Data acquisition and analysis
A60 mm · 40 mmforce plate (Kistler 9286AA), at a sampling rate
of 800 Hz, was used to measure horizontal and vertical groundreaction forces (GRFs) during the landing of all jumps. A high-
speed camera was positioned lateral to the force plate, recording
the posture of landing process at 250 frame/s. The cat was marked
and six infrared cameras (250 Hz, BTS Bioengineering) were
exploited to capture motion data, as shown in Fig. 2.
It is observed from high-speed photographs that the felids’
landing phase can be divided into 4 stages: (1) the felid takes
off and stretches out its body in the air sufﬁciently, as shown
in Figs. 3(a1) and (b1); (2) the forelimb hits the ground ﬁrstly
and then is compressed due to impact, meanwhile the body
rotates down, as shown in Figs. 3(a2)–(a3) and (b2)–(b3); (3)
the hindlimb then touches down and is also compressed. The
common landing point of forepaws and hindpaws makes the
back become arched, as shown in Figs. 3(a4)–(a5) and (b4)–
(b5); and (4) the felid resumes the usual horizontal movement,
as shown in Figs. 3(a6) and (b6).
The vertical GRF was normalized by body weight (BW)
and displayed a double-peak pattern due to forelimbs’ and hin-
dlimbs’ touchdown separately, as shown in Fig. 4. The parti-
tion of Stage 2 and Stage 3 was deﬁned as the instant t1
when the minimal value was achieved between the two peaks
while the end of impact phase was deﬁned as the instant t2
when the vertical GRF equaled its body weight. The impact
phase consisted of Stage 2 and Stage 3, so the attenuation
impulse was calculated respectively,
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R t1
0
½FðtÞ  1dt
Istage3 ¼
R t2
t1
½FðtÞ  1dt
(
ð1Þ
where F(t) stands for the normalized vertical GRF.
Although the motion capture system works, it is found that
the slippage of skin relative to the bone for the cat is serious
due to its too small limbs and soft skin, which would introduceFig. 3 Typical images of felids’ landinconsiderable uncertainty in kinematics acquisition. To over-
come this problem, we chose to measure the angular parameter
of forelimb, a1, a2 and a3, based on the high-speed pho-
tographs associated with consideration of markers’ kinematics
and cat anatomy shown in Fig. 5. In detail, the central lines of
forearm and upper arm, L1 and L2, are drawn ﬁrstly. The angle
between L1, L2 and the vertical line is measured as a1 and a2g phase after jumping voluntarily.
Fig. 4 Schematic diagram of cat’s posture corresponding to
GRF curve during landing.
438 H. Yu et al.respectively. Then draw the line S along the spine from the
neck to the back. The anterior segment of curve S is
approximate to straight while the posterior segment is arched.
a3 is measured as the angle between L2 and the straight
segment of S. The angles are measured one frame by one frame
and then ﬁtted by the splines.
The archived three spline functions, a1(t), a2(t) and a3(t),
and the measured horizontal and vertical GRFs were importedFig. 5 Kinemics of cats’ forelimb.to the link-segment model24 to obtain the moment of elbow
joint and shoulder joint,M1 andM2. The joint moment power
was calculated by the product of the joint moment and joint
angular velocity at each instant. The energy dissipation by
forelimb, Wf, was determined by integrating the joint moment
power during forelimbs’ compression. The initial kinetic
energy was derived from the landing velocity in high-speed
photographs.
2.3. Results and mechanical analysis
The pattern of vertical GRF varies with the takeoff height for
felids, as shown in Figs. 6(a) and (b). It shows that (1) the
ﬁrst peak is higher than the second one in lower landing, but
with the increase of height, the second peak will exceed the ﬁrst
one, though both peaks increase; (2) the interval of those two
peaks will be shortened with the increase of height. As a con-
sequence, the impulses of two stages vary with the height too,
as shown in Figs. 6(c) and (d). In accordance with force, the
impulse of Stage 3 increases while the impulse of Stage 2
decreases, reﬂecting the felids’ active control of impulse
distribution according to takeoff height. The two-stage
attenuating and active control prolongs the crushing duration
compared with a rapid collision directly with ground, so that it
mitigates the impact force under the same external impulse.
The external kinetic energy could be saved in the tendon or
converted to heat during animals’ locomotion, which are called
‘‘energy dissipation’’ collectively in this study. During impact
phase, felids dissipate impact energy mainly by three body
parts, forelimbs, hindlimbs and the back.
The extensor groups around the main joints of limbs will be
stretched when limbs are compressed, which leads to energy
dissipation. The forelimb part of energy dissipation has been
calculated and the results as the percentage of the initial kinetic
energy indicate that the contribution of the forelimb in impact
attenuation reduces with increasing height, as shown in Fig. 7.
Similarly, the hindlimb part of energy dissipation can also be
achieved in this way.
The arched back also plays an important role in energy
dissipation. Alexander et al.25 reported that as much as half
of kinetic energy could be saved by elastic structures in the
back like the aponeurosis during deer’s galloping, which might
be even more for dogs’ galloping. Assuming that the energy
dissipation is proportional to the curvature of back, it is
observed in our experiments that the curvature of felids’ back
reaches the maximum at the end of Stage 2, which makes it
reasonable to hypothesize that the energy dissipation of back
is completed during Stage 2. Thus, the impact attenuation dur-
ing Stage 2 depends on forelimbs and back, while during Stage
3 it mainly depends on hindlimbs.
2.4. Biologically-inspiration
Our experimental results reveal that felids’ landing after self-
initial jump is a multi-step impact attenuation process, which
consists of two-stage attenuation and involves three parts in
energy absorption. The two-stage attenuation prolongs the
crushing duration while multi-segment energy absorption
equivalently increases crush stroke, which is beneﬁcial to miti-
gating impact force. The two-stage attenuation is realized by
the asynchrony of fore and hindlimbs’ touchdown. The
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while the hindlimb functions during the later stage. The action
of forelimbs, back and hindlimbs in sequence during impact
phase leads to felids’ safe landing.Fig. 6 Vertical GRFs and imp
Fig. 7 Energy dissipation by forelimbs as the percentage of
initial kinetic energy (c) versus jumping height.As shown in Fig. 8, the traditional seat is pivoted at the foot
hinge and is supported at the head by the stroking attenuator.
When it is working, the seat rotates about the foot point F0 and
the only attenuator absorbs energy. The traditional crew seatulses during felids’ landing.
Fig. 8 Schematic diagram of traditional seat and its mechanical
model.
Fig. 9 New seat inspired by felids’ landing and its mechanical model.
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construction and working process. We expect to introduce
the manner of multi-step attenuating inspired from felids to
the crew seat to improve its capacity of attenuating impact.
To achieve multi-step attenuating in the crew seat, we try to
place two attenuators to stand for the forelimbs and hin-
dlimbs, where the two-stage attenuation is realized by the
asynchronous initiating of two attenuators, as shown in
Fig. 9(a). A hinge is used to represent the bend of back and
the energy dissipation of bending back is realized by adding
a damper into the hinge. When cats suffer a sudden fall, it pre-
fers to protect their brain and viscera ﬁrstly, which is also evi-
denced by the previous survey that the incidence of thoracic
and abdominal injuries in the high-rise syndrome cats was sig-
niﬁcantly lower than that of limb fractures.26 Therefore, the
astronaut is designed to place in a similar position like the vis-
cera of system, which may reduce the impact load he suffers.
The detail mechanical model, as shown in Fig. 9 (b), is dis-
cussed in the next section.3. New landing impact attenuation seat
The construction of new seat is designed as Fig. 9(b) shows.
The foot point F and head point H of seat are connected to
two light rods, Rod 1 and Rod 2, respectively, in which F is
hinged while H can slide along the axial direction of Rod 2.
The sliding friction is ignored. Rod 1 and Rod 2 are supported
by Attenuator 1 and Attenuator 2 vertically and the two rods
are hinged on point P3, where a rotational damper c is inside.
Two attenuators resemble two pairs of limbs and the damper
resembles the energy dissipation in felids’ back, so the energy
can be absorbed in two attenuators and the damper, realizing
multi-segment energy absorption. The attenuation process of
new seat is also designed to imitate felids’ landing.
Attenuator 1 starts to work at ﬁrst, imitating forelimbs’ com-
pression. Attenuator 2 initiates subsequently after point P2 has
a free fall of distance d, imitating the delay of hindlimbs’
touchdown. In that way, the asynchrony of limbs’ compression
and two-stage attenuation are realized.
The common attenuator used in spacecraft is metal broach
or metal expansion tubes. Taking metal broach for example,
when it works, the impact energy is dissipated by cutting themetal cylinder along its axial direction. The cutting depth
remains constant, result in a constant working force. Its work-
ing process can be expressed as
fðtÞ ¼
FsðtÞ 0 < t < t1
Fw ¼ constant t1 < t < t2
Flock t2 < t
8><
>: ð2Þ
where t1 and t2 are the moments when the attenuator initiates
and ﬁnishes attenuating, respectively. Before t1, the attenuator
remains stationary and the support force Fs(t) increases. When
Fs(t) reaches the threshold value, which is assumed to be equal
to the working force Fw, the attenuator initiates. In the period
between t1 and t2, the attenuator works with the constant force
Fw. When the broach velocity decreases to zero and is about to
reverse, the attenuator is locked with a great force Flock to
remain it stationary again and the attenuation phase is
completed. Conﬁned to its physical length and the narrow
space in capsule, the attenuator has a limited stroke Slim.
Previous experiments imply that when the capsule hits the
ground with a vertical velocity of Vz, the acceleration it suffers
during impacting phase is similar to a cosine pulse as27,
az ¼
0:5Az½1 cosð2pt=BzÞ 0 < t < Bz
0 t > Bz

ð3Þ
in which
Az ¼ 31:66þ 10:49Vz
Bz ¼ 2Vz=ðgAzÞ

ð4Þ
For the traditional seat model, its degree of freedom (DOF)
is 1, as shown in Fig. 8. The angular parameter u is chosen as
the variable to perform the dynamic analysis of system.
Assuming that the working force of vertical attenuator is Fz
and the radial distance of the center of mass of seat is uc, the
moment of momentum equation of seat about moving point
F 0 is established as
JF 0 €u ¼ FzL FxL tanumazuc cosumguc cosu ð5Þ
in which
Fx ¼ Fz tanu ð6Þ
In the new seat model, assume that Rod 1, Rod 2 and seat
are all uniform rigid body. The foot point F of seat is hinged to
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are l1 and l2 respectively. The working forces of Attenuator 1
and Attenuator 2 are F1 and F2, respectively. Built the refer-
ence system ﬁxed in the space based on the initial position of
bottom of capsule and the coordinates of point P1 and P2,
x1 and x2, are set as the generalized coordinates. The geometric
relationship of system is written as
x1 þ l1 sin h1 ¼ x2 þ l2 sin h2
l1 cos h1 þ l2 cos h2 ¼ L
2l3 sinðh2 þ h3Þ ¼ l1 sinðh1 þ h2Þ
8><
>: ð7Þ
The time derivatives of h1, h2 and h3 are obtained from
Eq. (7):
_h1 ¼  1l1 ð _x1  _x2Þ
sin h2
sinðh1 þ h2Þ
_h2 ¼  1l2 ð _x1  _x2Þ
sin h1
sinðh1 þ h2Þ
_h3 ¼ _x1  _x2
2l2l3
 2l3 sin h1 cosðh2 þ h3Þ  l2 sin h2 cosðh1 þ h2Þ  l1 sin h1 cosðh1 þ h2Þ
sinðh1 þ h2Þ cosðh2 þ h3Þ
8>>>><
>>>>:
ð8Þ
The partial derivative of Eq. (7) with respect to x1 is calcu-
lated as
1þ l1 cos h1  oh1ox1 ¼ l2 cos h2 
oh2
ox1
l1 sin h1  oh1ox1  l2 sin h2 
oh2
ox1
¼ 0
8>><
>: ð9Þ
Combined Eqs. (9) and (7),
oh1
ox1
and
oh2
ox1
as the function of
x1 and x2 are attained and so do
oh1
ox2
and
oh2
ox2
.
The dynamic analysis of new seat system is conducted by
Lagrange equations. If the kinetic energy and potential energy
of rigid body are T and V respectively, the Lagrange function
of system is
L ¼ T1 þ T2 þ Ts  V1  V2  Vs ð10Þ
where the subscripts ‘‘1’’, ‘‘2’’ and ‘‘s’’ stand for Rod 1, Rod2
and the seat part respectively.
The spacecraft requires the weight as light as possible, so the
mass ofRod 1 andRod 2 designed to bemuch less than seat part,
making the system mass mainly concentrating on the seat.
Hence, the kinetic energy and potential energy of Rod 1 and
Rod 2 inﬂuence little in the Lagrange function
L. Assume that the mass of seat part is m3 and the moment of
inertia of seat part is J3,so the Lagrange function is written as
L  Ts  Vs ¼ 1
2
m3 _s
2
3 þ
1
2
J3 _h
2
3 m3gs3 ¼ Lðx1; x2Þ ð11Þ
where s3 is the coordinate of C3, the center of mass of seat part.
The angle of hinge P3 is a= p  h1  h2, so the impedance
torque produced by the damper is
M ¼ c _a ¼ cð _h1 þ _h2Þ ð12Þ
in which _h1 and _h2 are shown as Eq. (8).
Similar to the impact phase of felids’ landing in which the
energy dissipation of back is completed before the hindlimb
touches the ground, the damper is only available before
Attenuator 2 initiates. Moreover, Attenuator 2 is assumed
to initiate immediately after being hit by point P2 considering
that the impact force between them is larger than thethreshold value of Attenuator 2. Therefore, the attenuation
process of the new seat system is divided into four consecu-
tive periods.
Period 1 Attenuator 1 remains stationary and point P2
falls free in the air. It equivalently means that Attenuator 1
is ﬁxed at the bottom of capsule and the system has one
DOF of x2:
d
dt
oL
o _x2
 
 oL
ox2
¼ cð _h1 þ _h2Þ   oh1ox2 
oh2
ox2
 
ð13Þ
Energy absorption: only in the damper c.
End time: the support force of Attenuator 1 reaches the
threshold value F1 and Attenuator 1 initiates.
Period 2 Attenuator 1 works with the force F1 and point
P2 still falls free in the air. The system has two DOFs of x1
and x2:
d
dt
oL
o _x1
 
 oL
ox1
¼ cð _h1 þ _h2Þ   oh1ox1 
oh2
ox1
 
þ F1
d
dt
ðoL
o _x2
Þ  oL
ox2
¼ cð _h1 þ _h2Þ   oh1ox2 
oh2
ox2
 
8>><
>>:
ð14Þ
Energy absorption: in Attenuator 1and the damper c.
End time: P2 hits Attenuator 2 after falling a distance of d
and then Attenuator 2 initiates.
Period 3 Both Attenuator 1 and Attenuator 2 are at work,
with the force F1 and F2 respectively and the damper remains
in failure. The system still has two DOFs of x1, x2:
d
dt
oL
o _x1
 
 oL
ox1
¼ F1
d
dt
oL
o _x2
 
 oL
ox2
¼ F2
8>><
>>:
ð15Þ
Energy absorption: in Attenuator 1 and Attenuator 2.
End time: the velocity of Attenuator 2 decreases to zero and
Attenuator 2 is locked.
Period 4 Attenuator 2 remains stationary and Attenuator 1
continues working. It equivalently means that Attenuator 2 is
ﬁxed at the bottom of capsule now and the system has one
DOF of x1:
d
dt
oL
o _x1
 
 oL
ox1
¼ F1 ð16Þ
Energy absorption: only in Attenuator 1.
End time: the velocity of Attenuator 1 decreases to zero and
Attenuator 1 is also locked. This is the terminal of attenuation
of system.
The MSC.ADAMS software has been proven reliable to
simulate the dynamic process in the previous research on the
traditional seat.28 Also, MSC.ADAMS is used here to conduct
the dynamic analysis of two kinds of seats, with the identical
initial velocity and structure parameters, as shown in
Table 2. The acceleration history the capsule suffers is shown
in Eqs. (3) and (4).
4. Results
In aerospace medicine, the local coordinate system of occupant
is usually used. For human, the axes along back-chest, pelvis-
head and hand-hand are deﬁned as X, Z and Y directions
Table 2 Identical initial velocity and parameters of two seats.
Parameter Traditional seat New seat
Mass (kg) 92.63 92.63
Length (m) 1.207 1.207
Initial angle () 12.24 12.24
Moment of inertia (kgÆm2) 45.61 45.61
Initial velocity (m/s) 9 9
Working force (N) Fz= 7500 F1 = 9800, F2 = 5100
Stroke limit (m) 0.25 0.25
Fig. 10 Acceleration response of different positions in new seat.
442 H. Yu et al.respectively. The astronaut on the seat mainly suffers impact
force in X and Z directions during landing.
The foot point F, the center of mass C3 and head point H
are selected as feature points to describe the impact response
of new seat, as shown in Fig. 10. In X direction, the shapes
of FX, CX and HX curves are similar in the ﬁrst three periods,
with small difference in amplitude, but exhibit obvious dispar-
ity in Period 4. In Period 4, FX value increases compared with
Period 3, while HX value decreases. Therefore, FXmax appears
in Period 4 while HXmax appears in Period 3 for HX. Despite
FXmax >HXmax, the plateau value of HX in Period 3 is set as
the index of X direction overload, because the impact injury
mainly occurs in the upper body and head protection is more
important than foot. In addition, Period 3 lasts for a long time
with steady value while the duration of Period 4, which is actu-
ally the interval of two attenuators’ locking, can be adjusted to
be shorter (see Discussion section).Fig. 11 Comparison of head point overload in trDue to the assumption of uniform rigid, the shapes of FZ,
CZ and HZ curves are identical, as GZ shown in Fig. 10, in
which FX is the foot point in X direction, CX is the center of
mass in X direction, HX is the head point in X direction, and
GZ is the acceleration in Z direction. The acceleration ampli-
tude in Z direction is entirely small compared with X direction.
Therefore, plateau value of GZ in Period 3 is set as the index of
Z direction overload as well to be convenient, in spite of its
maximum in Period 4.
As a whole of two directions, head point is employed as the
index point to evaluate occupant’s overload for the new seat.
Similarly, both the previous study and calculation in this study
indicate that head point is also the index point for the tradi-
tional seat.28
The acceleration response of head point of two seats is com-
pared under the same landing velocity, as shown in Fig. 11. In
X direction, the maximal plateau acceleration for the tradi-
tional seat is about 21g, while this value is 15g for the new seat,
reduced by 28%. As for Z direction, the maximal acceleration
for the traditional seat is about 12g, while the plateau value is
only 3g for the new seat, reduced by as much as 75%. Thus it
can be seen that the new seat has much more advantages than
the traditional seat in both X and Z directions attenuation.
For human injury prediction, one commonly used model is
the dynamic response index (DRI).29 In the DRI model, the
whole-body is considered as the lumped-mass spring damper
system with the driving point locating in the mid-thorax of
occupant, so it is employed to evaluate the risk of thoracic
and spinal injury. The occupant dynamic response in X and
Z directions, DRX and DRZ, and the resulting injure-risk cri-
terion b are calculated for two seats, as shown in Fig. 12 (seeaditional and new seat for X and Z directions.
Fig. 12 Occupant injury prediction for traditional and new seat using DRI model.
Table 3 Summary of occupant head injury assessment in two seats.
Head impact data Traditional seat New seat
Peak resultant acceleration (g) 21.8 15.3
Time of occurrence of peak acceleration (103 s) 29.2 71.4
HIC for t2  t1 6 0.015 s 31.9 13.5
Initial time t1 for calculated HIC (10
3 s) 27.8 56.4
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traditional seat the curve nearly reaches the threshold value
of 1.0, indicating a possible risk of thoracic and spinal injury
for astronauts, while the new seat lowers this risk.
As for the head, the head injury criterion (HIC) is usually
used as the measure of head impact tolerance:30
HIC ¼ max
t1 ;t2
1
ðt2  t1Þ1:5
Z t2
t1
aðtÞdt
 2:5( )
6 1000 ð17Þ
where a(t) is the resultant acceleration in g measured at the
center of mass of head and t2  t1 6 0.015 s is required. To
evaluate the risk of head injury, the HIC is calculated from
the acceleration of head point in two seats, as shown in
Table 3. The results indicate that though the HIC is less than
1000 in both seats, the occupant’s risk of head injury is signiﬁ-
cantly smaller in new seat.
Under the conditions of identical landing velocity, the
stroke of attenuator in the traditional seat is close to the limit
Slim, while in the new seat, Attenuator 1 nearly reaches Slim
and Attenuator 2 only strokes 60% of the limit, as shown in
Fig. 13.
5. Discussion
In this work, the concept of multi-step attenuation inspired by
the felids’ is applied to the landing impact attenuation seat suc-
cessfully. The crew seat is usually supine because the human
tolerance to impact in pelvis-head direction is much lower than
that in back-chest direction. Previous investigation recom-
mends that the best angle of the seat back before landing is
about 40 [31]. Restricted by this, the construction of tradi-
tional seat is less changeable and the earlier improvementfocuses much on the foot hinge where only a damper or
attenuator is added. Previous results show that improvement
reduces the acceleration in Z direction by 21%–45%, but is
helpless in X direction and may even increase the X direction
overload a little.28 However, the bio-inspired seat in our study
can weaken the occupant overload in both directions, in which
the X direction acceleration is reduced by 28% while the Z
direction is reduced by as much as 58%. The new seat shows
great advantages in attenuating landing impact.
The DRI model and HIC are employed to evaluate the risk
of spinal and head injury respectively. Although these criteria
for two seats are not beyond the human tolerance limits in our
calculation, the new seat signiﬁcantly lowers the risk. This indi-
cates that the new seat provides a higher level of landing
impact protection for the astronaut, which is especially valu-
able for the sick or injured astronaut.
In fact, the landing of felids is an actively controlled pro-
cess. It should be noted that in this research only the bionic-
concept of multi-step attenuation is introduced to the astro-
naut seat. More importantly, the felids’ active control behavior
needs to be deeply studied. If this is well done, its application
in the seat will be better improved. Recently, as a primary
research, the authors studied how felids control the mechanical
characteristic of body part involved in energy dissipation.32
Both test and theoretical model showed that cats’ ﬂexible back
plays a key role in landing impact attenuation.
The working forces of attenuators, F1 and F2 in this model
also need to adjust to match the landing condition. As shown
in Fig. 13, the stroke of Attenuator 1 almost reaches the limit.
If F1 becomes smaller, its stroke will exceed the limit. On the
other side, the F2 value directly inﬂuences the plateau value
of head point acceleration, which appears in Period 3 as shown
in Fig. 10, so it is better to have a small value of F2. However,
Fig. 13 Comparison of attenuator stroke in two seats.
Fig. 14 Acceleration response of new seat when locking order is
reversed.
Fig. A1 Schematic of lumped parameter model in speciﬁed axis.
Table A1 Paired x0 and f used for three orthogonal axes.
34
Direction X axis Y axis Z axis
x0/(radÆs
1) 62.8 58 52.9
f 0.2 0.09 0.224
444 H. Yu et al.if F2 is too small, the locking order of two attenuators may
reverse, which is unfavorable for the attenuation. If the force
values are changed to F1= 9900 N, F2= 5000 N under the
same landing velocity, Attenuator 1 will be locked prior to
Attenuator 2. The plateau value of Period 3 in X direction is still
around 15g, but the overload of head point rises to 18g in
Period 4 while that of foot point falls, as shown in Fig. 14.
This is because after Attenuator 1 is locked, the system rotates
about point P1, which is similar to the motion of traditional
seat. The great head overload is dangerous for astronauts.
Therefore, the combination of F1 and F2 values must ensure
that Attenuator 2 is locked prior to Attenuator 1 under the
conditions of different landing velocities. From the analysis
above, ﬁrstly, the stroke of Attenuator 1 will be wasted if F1
is too large while if F1 is too small, the stroke will exceed the
limit. So F1 value needs to be as small as possible within the
stroke limit. Then, the X direction overload will increase if
F2 is too large while if F2 is too small, the locking order will
be reversed. So based on a certain F1 value, F2 value needs
to be as small as possible under the premise of right locking
order. The least value of F2 will be achieved if two attenuators
are locked simultaneously, in which situation the duration of
Period 4 is shortened to zero and the new seat system attenu-
ates the landing impact in its best state.
6. Conclusions
(1) In our experiments, felid’s landing after self-initial jump
is found to be a multi-step impact attenuation process.(2) Inspired by felids’ multi-step impact attenuation, a new
attenuation seat in manned spacecraft is proposed, in
which the multi-step attenuation is realized successfully.
(3) The calculating results under the same landing condition
show that the new seat weakens the overload in both
back-chest and pelvis-head directions signiﬁcantly and
lowers the astronaut’s risk of both head and spinal
injury. Thus the safety of astronaut during landing is
enhanced.Acknowledgments
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In the beginning, the DRI model was used to predict spinal
injury when suffering the pelvis-head direction impact.33
Later it was developed to the whole-body injury prediction
method under multidirectional accelerations.29 In the DRI
model, the dynamic response (DR) of the occupant is modeled
by a lumped-mass, spring, and damper system attached to the
seat. Each orthogonal axis is modeled with a different one-di-
mensional spring-damper representation, as shown in Fig. A1.
The DR for each axis is given by
d2d
dt
þ 2nx0 dd
dt
þ x20d ¼ aðtÞ ðA1Þ
DRðtÞ ¼ x0dðtÞ
g
ðA2Þ
where d is the compression of the spring, ft; f is the damping
coefﬁcient ratio; x0 is the undamped natural frequency of
Table A2 Dynamic response limit values for low, moderate, and high risk levels.36
Risk level DRX,L DRY,L DRZ,L
DRX > 0 DRX< 0 Conventional restraint Side panels DRZ > 0 DRZ < 0
Low 35 28 14 15 15.2 9
Moderate 40 35 17 20 18 12
High 36 46 22 30 22.8 15
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ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k=m
p
; t is the time, s;
a(t) is the acceleration of critical point on the seat along the
speciﬁed axis, ft/s2 (1 ft = 0.3048 m); g is the acceleration of
gravity, which equals 32.2 ft/s2.
Thus DR(t) is actually the nondimensionalized response of
the model to a forced acceleration input along the speciﬁed
axis. Based on the theory of forced vibration of the system
with single degree of freedom, the dynamic response of the sys-
tem with zero initial condition is
dðtÞ ¼
Z t
0
fðsÞ  1
xd
enx0ðtsÞ sinxdðt sÞ
 
ds ðA3Þ
where xd is the damped natural frequency of the dynamic sys-
tem, and xd ¼ x0
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 n2
p
:
The values of paired x0 and f for the three orthogonal axes
are shown in Table A1.
The injury-risk criterion, b, is determined from the DR his-
tories and the deﬁned DR limits in the three axes, as indicated
in the following equation:
b ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
DRXðtÞ
DRX;L
 2
þ DRYðtÞ
DRY;L
 2
þ DRZðtÞ
DRZ;L
 2s
ðA4Þ
where DRX(t), DRY(t) and DRZ(t) are the DR histories for
the X, Y, and Z axes; DRX,L, DRY,L, DRZ,L are the DR
limit values deﬁned in three directions. The injury-risk criter-
ion, b, is usually divided into three levels named low, mod-
erate, and high risks, corresponding to an injury probability
of about 0.5%, 5% and 50% respectively.35 Value of b
greater than 1.0 indicates the occupant exceeding that level
of risk. Different DR limit values used for low, moderate,
and high risk levels are listed in Table A2. Because the
impact on the occupant in the present study is not particu-
larly large, the injury assess here is conducted at a low risk
level.
Because the model is simpliﬁed into the plane in this work,
only X and Z direction accelerations are considered. Previous
experiments also show that the side acceleration is minimal.
Therefore, the omission of Y direction acceleration should
affect the injury risk assessment little.36
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